XP is a rare autosomal recessive disease characterized by increased frequency of sunlight-induced skin cancers (1) . The disorder is caused by defective repair of DNA damage that is induced by UV light or other physical or (bio)chemical agents. Seven genes (XPA-XPG) implicated in XP produce proteins that are involved in this process, which is known as NER. CS is another rare recessive disorder with sun sensitivity, short stature, and progressive neurologic degeneration but no cancer predisposition (1) . Five genes are implicated in CS and two of these, the CSA and CSB genes, account for the genetic defect in over 90% of CS patients. The functions of the CSA and CSB proteins are not yet understood, but cells from these CS patients are unable to preferentially repair DNA damage in the transcribed strand of active genes, a process known as transcription-coupled repair. In addition, there are a small number of reports on patients with signs of both XP and CS. These cases of the rare XP/CS complex syndrome have been assigned to XP complementation groups B, D, and G (2-6). The XPB and XPD genes encode helicases that unwind DNA during both transcription and DNA repair. In contrast, the XPG gene encodes an endonuclease that makes the first of two incisions in the damaged DNA strand during NER, and it has no known function in transcription. A major challenge is to understand how the CS clinical phenotype, and defective transcriptioncoupled repair, can arise through mutations in five very different genes. Here we report a remarkable new XP-G case displaying some, but not all, features of CS. We stress the importance of performing DNA repair studies in cases suspected of having early onset CS with or without clinical signs of XP.
METHODS
For all studies performed, informed consent has been obtained and the study has been approved by the applicable institutional review board.
Cell lines. Primary fibroblasts from the patient XPCS4RO were cultured at 37°C in the presence of 5% CO 2 in regular Ham F10 (GIBCO, Rockville, MD, U.S.A.) or minimum Eagle's medium (Seromed, Berlin, Germany) supplemented with 5% FCS, 2 mM l-glutamine, 100 units/mL penicillin, and 100 g/mL streptomycin. Wild-type lymphoblastoid DS2 cells were grown in suspension at 37°C in RPMI 1640 medium supplemented with 15% FCS, 2 mM l-glutamine, 100 units/mL penicillin, and 100 g/mL streptomycin.
DNA repair assays. DNA repair studies were performed using established procedures described in more detail elsewhere (4, 5) . Briefly, UDS was measured after UV-exposure (16 J/m 2 ; 254 nm) of cultured fibroblasts followed by radioactive labeling for 2 h with 3 H-thymidine, autoradiography, and counting of grains above 50 non-S-phase cells. Similarly, UDS was assayed in homo-and heterokaryons after fusion with Sendai virus of two XP-cell strains, which had previously been labeled with plastic beads of different sizes.
For measurement of the recovery of DNA synthesis, 14 Cthymidine-prelabeled cells were exposed to various UV doses and 16 h later were incubated for 2 h in C ratios obtained by liquid scintillation spectroscopy. Overall rates of RNA synthesis (transcription) were assayed by autoradiography of cultures pulse-labeled with 3 H-uridine at 16 h after UV exposure. UV sensitivity was measured 4 -5 d after UV exposure of sparsely seeded petri dish cultures. Numbers of proliferating cells were assessed by scintillation counting of 3 H-thymidine incorporated in a 3-h pulse label and were expressed as a percentage of unirradiated cultures. This simplified procedure results in UV survival curves indistinguishable from those obtained by standard colony assays (5) . DNA mutation analyses. Poly(A)ϩ RNA was isolated from XPCS4RO fibroblasts with RNeasy mini kits (Qiagen, Valencia, CA, U.S.A.). Full-length XPG cDNA were produced by RT-PCR following the Expand Reverse Transcriptase and Expand High Fidelity instructions (Roche) using primers 5'-TTCTCGGCCGCTCTTAGGACGCAGCCGCC and 5'-TTTTATGCATCTTTGCGACAAATTCATTACAAATGGC. XPG cDNA was directly sequenced on a LI-COR DNA sequencer (MWG-Biotech, Ebersberg, Germany) using a set of fluorescently labeled IRD800 primers.
Genomic DNA was isolated from XPCS4RO fibroblasts and wild-type DS2 lymphoblasts and segments containing the mutation sites were amplified using the primer pairs 5'-CCCAGATATTAGCATTTGG with 5'-TGAAGGCAGTTTT-GATGGC and 5'-CCAGTCTTACCCAAGTTCG with 5'-TCATGCTTTACTTCAGGGGG. XPCS4RO genomic DNA was also amplified around known polymorphic sites and the PCR products were directly sequenced as described above.
Human XPG nucleotide and protein sequences are given in EMBL/GenBank accession numbers X69978 and P28715, respectively (7). For nucleotide numbering, the A of the initiating ATG codon is designated position 1.
Case history: XPCS4RO. We describe a premature infant girl ( Fig. 1) , small for gestational age, born at 34 wk gestation with a birth weight of 1420 g, micropthalmia, bilateral congenital cataract, and mild respiratory distress syndrome, hospitalized at the Neonatal Intensive Care Unit for a week. At that time she experienced an episode of erythema with massive desquamation of the skin after minimal exposure to phototherapy. Family history and pregnancy were uneventful. An extended investigation (including brain ultrasound and computed tomography, TORCH titles, metabolic work-up, and chromosomal examination) demonstrated no abnormalities except for absent otoacoustic emissions and abnormal brainstem auditory evoked potential findings, indicative of a severe sensorineural deafness for which hearing aids were prescribed. At the age of 3 mo the patient exhibited a massive photosensitive reaction with erythema and blistering after minimal sun exposure, which slowly gave place to small skin cancers. Although not biopsied, these lesions demonstrated typical appearance of skin cancers according to the dermatologists, showing no signs of improvement over time; on the contrary, new identical lesions seemed to appear with every minimal exposure to the sun at the noncovered parts of the body, especially the face. Her subsequent course was indicative of a neurodegenerative disorder: arrested head circumference (microcephaly; head circumference below the 3 rd centile) with somatic and neurologic retardation and development of infantile spasms with burstsuppression pattern in EEG at the age of 8 mo; her clinical picture was that of a severe psychomotor regression with generalized hypertonia and loss of eye contact. Both computed tomography ( Fig. 2A ) and brain magnetic resonance imaging (Fig. 2B ) demonstrated brain atrophy, and brainstem auditory-evoked potentials (BAEP) studies showed further deterioration of her hearing impairment. Unfortunately, the little patient died at the age of 11 mo from generalized septicaemia. Necropsy was not performed.
RESULTS

DNA repair studies.
The extreme sensitivity of the patient's skin to sunlight was reflected by that of her cultured skin fibroblasts, which displayed a 10ϫ hypersensitivity to UV exposure (Fig. 3A) , a residual UDS rate of 4% to 7% of normal cells (Fig. 3b, bars 1) , as well as a strongly reduced ability to recover from UV-induced inhibition of DNA synthesis (Fig.  3C ) and of overall transcription (data not shown), both measured 16 h after UV exposure. These abnormalities were due to a severe defect in NER. The observed repair parameters are characteristic for XP patients in groups A, B, and G (8) .
To establish which gene underlies the defect, complementation studies were performed by measuring UV-induced UDS in heterokaryons obtained after cell fusion. Fully normal repair levels were restored after fusion with XP-B, XP-D (Fig. 3B ) and XP-A cells (not shown), but not with XP-G cells (Fig. 3B) , thereby pointing to a defect in the XPG gene.
Mutation analyses. To determine the nature of the XPG defect(s), poly (A)ϩ RNA from the patient's fibroblasts was reverse-transcribed and the 3.6 kb XPG cDNA was amplified by PCR. Direct sequencing of the RT-PCR products revealed a 408 single 215C3 A transversion (arrow in Fig. 4A ). The corresponding region of genomic DNA was amplified by PCR and directly sequenced. Two regions of genomic DNA containing known polymorphic sites (9) were also amplified by PCR and directly sequenced. These analyses revealed that the patient was homozygous for a G rather than a C at position 3310 (data not shown); this changed His-1104 to an alanine. In contrast, she possessed both C and T at position 138 (Fig. 4B) ; this represents a silent polymorphism at His-46. The patient was also heterozygous at position 215, displaying an equimolar mixture of C and A, whereas DNA from a normal individual yielded only 215C (Fig. 4C) .
To examine the possibility that the 215C allele was weakly expressed in patient XPCS4RO, her RT-PCR products were cloned and 24 independent clones were sequenced. Of the 23 readable sequences, 18 contained the 215C3 A mutation but 5 clones had the wild-type 215C. Further analysis of one of these 5 clones revealed the presence of a C at the polymorphic 138 site, and a 526C3 T transition. XPCS4RO genomic DNA generated an equimolar mixture of C and T at position 526 (Fig. 4D) , thereby confirming the presence of a mutation in the second XPG allele.
We conclude that patient XPCS4RO was a compound heterozygote and that her two XPG alleles can be distinguished in three ways. One allele gives rise to very limited amounts of stable mRNA, it contains a 138C polymorphism and a 526C3 T transition. This mutation would have changed Gln-176 to a premature UAG stop codon, thus resulting in a severely truncated XPG protein. The second allele accounts for most of the XPG mRNA and it contains a 138T polymorphism and a 215C3 A transversion. This mutation gives rise to a P72H substitution in the conserved N-region of the XPG protein (Fig. 4E) .
DISCUSSION
XP and CS are very rare autosomal recessive disorders having photosensitivity as one common characteristic, yet only XP is associated with an extremely high level of skin tumors in sun-exposed areas (1). Neurologic complications represent another of their common features but again they significantly differ, XP patients frequently presenting progressive neurologic degeneration whereas neuronal demyelination is characteristic of CS. The even rarer combination of both disorders, the XP/CS complex, a term first introduced by Robbins (10), affects XP groups B, D, and G, and only a handful of cases are known worldwide. Thus, three out of the five reported XP-B patients present CS (11), only two of the Ͼ60 XP-D cases are 
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XP-D/CS, and four of the previously reported nine XP-G cases were also CS. The XP-G/CS combination is particularly severe: all four XP-G/CS individuals died prematurely (7 mo to 6.5 y) with few signs of XP (4 -6).
The new XP-G patient XPCS4RO reported here is remarkable in many respects. At an exceptionally early age, she presented some hallmark XP features, including severe sun sensitivity with exfoliate blistering, freckling, and keratoses on sun-exposed parts. Her cultured fibroblasts have very low UDS ability, indicating a severe NER deficiency. She also presented several key CS symptoms, including sensorineural deafness, cataracts, and microcephaly. Additionally, her facial appearance at the age of 11 mo resembled that of a much older child (Fig. 1) , which could be an indication of premature aging, a hallmark of CS. Her very early demise at 11 mo might also suggest early onset CS. However, she lacked some other important CS symptoms, such as growth defects, cachexia, a bird-like facies, and brain calcification. Overall, her clinical and cellular phenotypes are consistent with one of two disorders: XP/CS (10), or a particular form of XP, earlier known as De Sanctis-Cacchione Syndrome, which is always associated with neurologic deterioration [reviewed in (12) ]. The patient's marked neurodegeneration (atrophy) argues more in favor of De Sanctis-Cacchione Syndrome; however, decreased tendon reflexes usually associated with the latter were not apparent.
The first XP-G patient to be characterized at a molecular level, XP125LO, is a very mildly affected individual currently in her mid-twenties (13) . She encodes a truncated XPG protein from her paternal allele and a full-length XPG with an A792V substitution from her maternal allele (9) . This substitution occurs in the highly conserved I-region (7) and it severely diminishes the ability of XPG to restore UV resistance to XP-G cells (9) . Patient XPCS4RO is also a compound heterozygote with one XPG allele encoding a truncated protein and the other full-length XPG with a single amino acid substitution (Fig. 4) . It is curious that mRNA for the truncated form was not detected in the total RT-PCR products (Fig. 4A) , whereas it represented 5 of 23 RT-PCR clones. Whatever the explanation, this mRNA accounts for only a minor fraction of the XPCS4RO XPG mRNA and it seems not to be stably maintained. This is consistent with much evidence for the rapid decay of mRNAs containing premature stop codons (14) . Attention is therefore focused on the consequences of the mutation in the second XPG allele.
XPCS4RO is unique in being the first XP-G patient to possess an amino acid substitution in the highly conserved N-region (7) and she clearly presented a dramatically different clinical phenotype from that of XP125LO. Her P72H substitution occurs at an invariant position in an important eukaryotic nuclease family (Fig. 5) . Human XPG, a founding member of this family, cuts the damaged DNA strand 3' to the lesion during NER (15) . Recent evidence suggests that the conserved N-and I-regions (Fig. 4E) juxtapose to form the XPG endonuclease active site (16) . Substitution of Ala for the invariant Asp-77, just five amino acids downstream from the P72H substitution found in XPCS4RO, abolishes XPG endonuclease function in vivo and in vitro (16) . It seems very likely that the P72H substitution would have an equally dramatic negative effect on XPG endonuclease function, and therefore on the NER capability of patient XPCS4RO.
Although these considerations suggest an adequate explanation for the XP features of this patient, they less convincingly account for her partial CS features. In particular, previous molecular analyses have demonstrated that XP-G/CS individuals are unable to produce full-length XPG protein (17, 18) . Mildly affected XP-G patients without CS are severely compromised in NER 3' endonuclease function (9, 16) . Together, these results have been taken to mean that the CS phenotype is due to the loss of an important second XPG function from these truncated and unstable XPG proteins (17) . Additional functions have indeed been found for XPG. In ways not yet understood, it is required for transcription-coupled repair of oxidative DNA damage in vivo (19) . In vitro, XPG acts as a co-factor for the DNA glycosylase that removes oxidized pyrimidines in base excision repair (20) . Moreover, the latter activity is independent of its endonuclease function. Patient XPCS4RO challenges these correlations because, at first sight, her most significantly expressed allele possesses an "XP-G" rather than an "XP-G/CS" mutation, yet she presented some features typical of CS. This apparent paradox would be resolved if the P72H substitution destabilised XPG protein. Consistent with this possibility, a vaccinia virus-based overexpression system (16) produces much lower yields of P72H-substituted XPG than wild-type XPG (unpublished results). Unfortunately, the direct experiment of measuring XPG levels in XPCS4RO cell extracts by Western blotting is not yet feasible because available The DNA repair studies in the present patient allowed us to counsel the parents on the cause of the disease and on its autosomal recessive nature, which implies a recurrence risk of 25% in subsequent pregnancies. Both the strongly reduced level of UV-induced DNA repair synthesis and the finding of the two disease-causing mutations allow early prenatal diagnosis. However, because the DNA repair assay requires cultured chorionic villus cells, mutation analysis would be preferred as this can be done directly on DNA isolated from uncultured chorionic villi in the 11th to 12th week of pregnancy. Mutation analysis also allows carrier detection in relatives who have a high chance of being heterozygote (i.e. 67% for sibs of the patient and 50% for the parents). Generally, carrier detection in family members is not effective as, in spite of their high risk of being carrier, their risk for affected offspring is quite small as long as their partners are not consanguineous. Carrier detection is, however, effective in populations with a tradition of consanguineous marriage and in small closed communities because of the increased risk that the partners carry the same mutation.
In conclusion, this work highlights the importance of extensive DNA repair studies in cases suspected of having early onset CS and/or XP. Such studies are not only needed to reach a correct diagnosis, thereby allowing reliable genetic counseling and prenatal diagnosis, but they may provide novel insight into the molecular bases of these rare disorders. GenBank accession numbers P28715, P35689,  P14629, AAD47568, AAB96723, E71619, P28706, P07276, P39748, P39749,  O57351, P70054, P39750, P26793, Q24558, Q12086, O75466, 
